A two-dimensional cascade was instrumented with miniature pressure transducers enabling instantaneous pressure distributions to be obtained around one of the blades. The cascade was mounted in a gust tunnel, producing a high quality, sinusoidally oscillating flow onto the blades. The signals were fed into an on-line computer and analyzed to give the instantaneous pressure distributions at different instants in the cycle. The measured fluctuating lift was compared with a vortex singularity theory for different values of space/chord ratio. The agreement was reasonable and, on the basis of these results, certain conclusions have been reached.
INTRODUCTION
Turbomachines used almost universally in aircraft and marine propulsion, and in power generation, are intrinsically unsteady in operation. Nevertheless, most designs and previous research have been performed on a steady or quasi-steady basis. Of major concern, however, is the interaction of the rotating blades with spatial variations in the inflow velocity. These interactions, as do those of rotor wakes on downstream stators, generate unsteady forces and moments on the blades which, in turn, lead to radiated noise, blade vibration, and, in some cases, a degradation in overall performance.
One cause of the spatial variations in velocity is distortion of the inlet flow, which may encompass a large circumferential portion of the flow field and result in an unsteady response of very low-frequency parameter. Another illustration of the significance of such disturbances, occurring at low frequency parameter, is the case of whirl flutter as described by Reed (1) . 1 A great deal of the theoretical effort 1 Underlined numbers in parentheses designate References at end of paper. which has been devoted to this problem has been concerned with the unsteady response of isolated airfoils. The work has involved the analysis of convected gusts which are transported with the mean velocity of the flow and include both transverse gusts, Sears (2) , and chordwise gusts, Horlock (3) . Recently, Holmes (4) has experimentally investigated an isolated airfoil operated in a series of non-convected gusts, i.e., propagating at a velocity other than the mean velocity, at low frequencies and has shown good agreement between experiment and the predictions of Kemp (f). The application of isolated airfoil theories to a turbomachine is discussed by Horlock (6) and Naumann and Yeh (/). Recent measurements of the unsteady circulation on a rotating blade row by Henderson (8) indicate, however, that the representation of the unsteady response of a blade row by an isolated airfoil theory is in error and, for low reduced frequencies, by a substantial amount. While several theoretical analyses have been developed for unsteady lift prediction, which include the unsteady cascade effects for convected gusts --Whitehead (9, 10), Henderson and Horlock (11) , and Henderson and Daneshyar (12) --no direct measurements of unsteady lift are available to determine the importance of these effects.
It is the purpose of this paper to discuss a program in which measurements of the unsteady pressure distributions, and hence unsteady lift, have been conducted on a cascade of airfoils. These experiments were conducted, in the working section used by Holmes (4), for several gust reduced frequencies and space-chord ratios to demonstrate the unsteady cascade effects. The reduced frequencies examined were low,w< 0.1, and non-convected, transverse gusts were investigated. A modification of the analysis of reference (12) is presented which permits the prediction of the unsteady lift with non-convected gusts and the unsteady cascade effects included. Comparison of the measured unsteady lift with these predictions provides a measure of the validity of the theoretical analysis.
THEORETICAL ANALYSIS
The analysis of the unsteady lift in a two-dimensional moving cascade presented in reference (12) considers the flow interacting with a moving blade row as shown in Fig. 1 . Shown is a sinusoidal spatial variation in axial velocity w d , which is transported through the machine by a circumferential-mean axial velocity, Cx . This represents a convected gust which interacts with a moving cascade of thin, slight cambered airfoils to generate unsteady lift on the blade. As discussed in reference (12) , the unsteady lift generated by this interaction can be considered as two separate problems whose solutions are additive --the response to the chordwise gust, ud, and the response to the transverse gust, v d . This is equivalent to the independent analyses by Horlock (3) and Sears (2) for isolated airfoils which were combined by Horlock (6) and Naumann and Yeh (/).
As stated in the introduction, this paper considers only the unsteady response caused by a transverse gust. This implies that for a turbomachine the blades are flat plates, and, hence, the effects of camber and angle of incidence are neglected. When viewed relative to the blades, this flow appears as the solid lines in where G(w,s/c,E) is a "Cascade Theodorsen Function" defined in reference (12) and w a reduced frequency defined as vc/2Wm . The chordwise variable, xt, is measured from the midchord as a fraction of the half chord length. A solution for the unsteady lift can be obtained by the specification of the boundary conditions and, hence, the term v o (xi) in equation (1) . This is carried out in reference (12) for the case of a convected gust. A more general solution. for a non-convected transverse gust will now be developed. This solution will employ the same assumptions as reference (12) : (a) the flow is inviscid, incompressible, and two-dimensional, (b) the blades are represented as thin airfoils of zero thickness, and (c) the magnitude of the disturbance velocity is small as compared to the mean velocity of the blades.
Unsteady Boundary Condition
To obtain a solution of equation (1) for 
The frequency, v, is that of the disturbance if convected, relative to the cascade, and p. a frequency which relates the change in the disturb ance as it moves over the airfoil. In a general moves with velocity W m 4 If a v, the gust is non-convected and moves with a velocity different than W m .
The case to be considered here is a combination of (1) and (4) (1) gives the following expression for the unsteady lift,
The term, G(w,s/c,.!,-), represents the unsteady cascade contribution. When sec., G(w,s/c,) becomes identically equal to Theodorsen's function, C(w), and equation (5) is identical to the expression derived by Kemp for the unsteady lift on an isolated airfoil in a non- 3 If a = v, the gust is convected and s/c,), is not straightforward (12) due to the required evaluation of several untabulated indefinite integrals. Programming of these integrals has been conducted as discussed in reference (13) and has been used to make the predictions presented later.
The cascade Theodorsents Function, G(w, s/c,O, developed in reference (12) includes a summation of the unsteady induced effects of the entire cascade of airfoils. Included in this formulation is an additional frequency parameter which relates the variation of unsteady circulation from blade-to-blade in the cascade. This frequency parameter, T, is termed the intra-blade phase angle by some authors (9) and, for a cascade of non-vibrating airfoils, is related to the reduced frequency, w. For the cascade wind tunnel, T is related to the reduced frequency, w, as T = 2 -s-w sine. L In general, this is not the same as the value T in a compressor (13) ._j
EXPERIMENTAL PROGRAM
As discussed in the foregoing, a series of experiments were conducted to measure the unsteady pressure distribution on different configurations of a two-dimensional cascade in the presence of a transverse gust (Fig. 2 ). The number of blades in the cascade was varied between three and five to give two different space-chord ratios for a stagger angle of 45 deg. As a limiting configuration, an isolated airfoil was also tested. For each configuration, measurements were conducted at four reduced frequency parameters, co, ranging from 0.01 to 0.10. The transverse gust produced by the wind tunnel is non-convective; i.e., the gust propagation velocity is different from the free-stream velocity. While the convected frequency parameter, w, based on the free stream velocity was changed, the frequency parameter, based on the gust propagation velocity, was equal to approximately 0.2 for all conditions. Unsteady pressures were measured at ten chordwise locations on the top and bottom surface of the instrumented central blade of the cascade. From these distributions of unsteady pressure, the unsteady lift on the instrumented blade was determined.
The experiments were conducted to study two broad aspects of unsteady flow in cascades: (a) to obtain the magnitude of the fluctuating lift and its phase for comparison with theoretical predictions in order to determine if thin airfoil theory for cascades is valid in unsteady flow, and (b) to obtain detailed unsteady pressure distributions in the trailing edge region to study the unsteady trailing edge condition. This paper is concerned only with the first aspect. As pointed out in reference (15) , the flow does not simulate the flow in a compressor as the gust does not move at the fluid velocity relative to the airfoil as it does in the compressor.
The Wind Tunnel
The experiments were conducted in the gust tunnel described in reference (4) . The perturbation is generated in a specially built 9-ft length test section whose upper and lower surfaces are flexible metal sheets. This tunnel can be schematically viewed by considering and bottom walls. These surfaces are maintained in the form of sine wave by a system of cams on the metal sheets which, by appropriate rotation, causes the sine wave to move in the direction of the airflow. If the upper and lower surfaces are in phase, a transverse gust is produced, and if the phase difference is 180 deg, a streamwise gust is produced. The tunnel has a width of 18-in. and in the transverse gust configuration of the subject tests, a height of 27 in. The maximum velocity of the mean airflow is of the order of 100 fps, and the frequency of the wall can be varied up to 7.5 Hz. For these tests, the disturbance flows were obtained at a free-stream velocity of 26 fps and four wall frequencies ranging from 0.165 to 1.7 Hz. These parameters and the resulting disturbance characteristics are given in Table 1 .
The Blade Configurations
The basic airfoil employed in these experiments is an uncambered N.G.T.E. 10C4 section of 6-in. chord, 18-in. span, and a maximum thickness of 0.6 in. A stagger angle of 45 deg was employed for all cascade configurations tested. Two values of space-chord ratio, 0.707 and 1.414, were investigated using five and three blades, respectively, in cascade together with a single blade which gave the limiting case of an isolated airfoil.
The blades were firmly mounted between two parallel side walls in the central position of the test section. The central blade was instrumented with flush pressure tappings at various chordwise locations. The same transducer was used to measure the pressures on both the upper and lower blade surfaces at each location of the central blade by appropriate rotation of the transducer in the tube connecting the pressure tapping to the outside of the test section. Those tapping holes not in use were covered by adhesive tape. During the trial runs, fluctuating pressures were measured at 15 chordwise locations, but this number was reduced to 10 for the majority of the experiments. As indicated in Fig. 4 , these were located at 0.02, 0.075, 0.16, 0.31, 0.54, 0.70, 0.85, 0.90, 0.94, and 0.98 of the airfoil chord.
INSTRUMENTATION
The "Gaeltec" transducers employed are specially fabricated for the measurement of unsteady pressures over airfoils. These transducers consist of a strain-gaged rectangular diaphragm which is located inside a long steel tube of 3 mm dia. A 0.043-in.-dia hole drilled in the tube on one side of the diaphragm is aligned with the static hole on the surface of the airfoil. The opposite side of the diaphragm is open to the reference pressure, which is atmospheric in the present case. A signal level of 0.5 my/1-in. of water is produced using a + 2 v supply.
The signals are carried, via suitably screened cables on line to the PDR-12 computer. The maximum input voltage for the analog-digital converter of the computer is + 1 v and the least count is 2 mv. Amplification is, therefore, used at the transducer end to obtain the appropriate signal of about + 1 v for a pressure difference of + 1 in. of water which represents the maximum peak-to-peak pressure observed in the experiments.
As it is intended to measure only the fluctuating pressures, the d-c levels are re- The output of the transducers was recorded over a number of gust cycles at each static pressure tap location, as described later, to obtain an averaged output.
The transducers were calibrated using the PDP-12 computer with a known pressure applied to all transducers, the output signals being fed to the computer and sampled using the A-D converter. The calibration constant (digital value per unit pressure) was obtained for each transducer and found to be quite repeatable. Transducer calibration had indicated a flat response to 3 kHz, and signal conditioning was chosen to give a fast cutoff at 2kHz.
DATA ACQUISITION
In order to obtain the phase shift of the pressures and lift relative to the undisturbed gust, a timing reference is necessary. An electromagnetic sensor was incorporated into the drive mechanism for the oscillating walls to produce a sharp electrical signal independent of the flow conditions when the oscillating wall was at a particular position. Once the phase of the undisturbed gust, and the phase of the pressure on the airfoil are obtained with respect to the timing reference, the phase relative to the gust can be evaluated. This phase indicator is also used to initiate the data acquisition at a particular phase of the gust cycle.
The transverse gust velocity in the wind tunnel is determined by the frequency of oscillation of the walls and the mean velocity through the test section. The resulting gust is a non-convecting type whose propagation velocity is less than the mean flow velocity. The four gusts investigated and the tunnel conditions required for their generation are given in Table 1 .
Before conducting the experiments with the cascade, the undisturbed gust was investigated using a hot-wire probe. These measurements were carried out in the test section on its centerline and at 3 and 6 in. above and below the centerline. These data indicated that the gust is quite sinusoidal.
The cascade of airfoils was then installed and the instrumentation set to measure the unsteady surface pressures using the on-line computer system. Data acquisition was always initiated at the reference position of the wall as indicated by the phase indicator. Starting from the reference position, 512 points were sampled in one computer cycle and displayed on the computerls C.R.T. display. Data were sampled at every 2.25 deg of phase for all of the experiments. Just over three complete gust cycles were, therefore, recorded during each computer acquisition cycle.
These raw data were very noisy and the noise-to-signal ratio increased from leading edge to trailing edge. It is believed that the noise is random and is due to turbulence in the flow, vibrations of the model and transducers, electrical noise in the transducers and associated equipment, and due to general external noise.
The raw voltage trace corresponding to the pressure variation, p(t), consists of three components: - If the data are sampled over a number of gust cycles and always at a given interval of time after the phase reference signal, the digital values can be summed to give a "Phase-Lock" or Ensemble Average.
By definition, p p (t) = p r (t) = 0, and, with the signal conditioning used, p s is also zero.
In practice, the summation must take place over a sufficient number, K, of cycles. In this case, 100 such "computer cycles" were generally used.
Data Reduction and Analysis
As described in the foregoing the pressure data from three consecutive gust cycles were acquired from each location on the upper and lower surfaces of the instrumented blade. The datum of the pressure trace is obtained by evaluating the average of all the data points (160) in each gust cycle. The suction and pressure values are obtained with respect to this datum.
An unsteady pressure coefficient is defined as
The instantaneous pressure is evaluated by dividing the computer digital value, corresponding to the pressure signal, by the transducer constant. Instantaneous values of C are then derived for every 2.25-deg phase, starting at the timing reference. The amplitude of the transverse gust velocity, rs, s1. , is obtained from the calibration curves corresponding to each of the four flow conditions investigated.
The chordwise distribution of C can now be determined at given instant of time or at any phase. A new phase reference is defined for these pressure distributions which corresponds to the occurrence of maximum suction at the leading edge of the blade. At this instant, the phase angle is set equal to zero, and becomes the new reference time for all the locations along the chord with respect to the wall phase indicator. The new reference time is different for different gust conditions, but provides a consistent reference for all pressure traces. These traces are then intercepted at every 22.5-deg phase with respect to the new reference time and 16 instantaneous distributions of pressure coefficient are determined for each gust cycle.
The unsteady lift at any instant of time is obtained by integrating the pressure differential along the chord; from the definition of C , The lift coefficient is obtained at every 22.5 deg with respect to the new reference position. The lift distribution is plotted against phase angle, and the phase of the maximum amplitude is obtained with respect to the common phase indicator. From the gust calibration curves, the phase of the gust at the mid-chord location is obtained, again with respect to the phase indicator. Then the lag of the lift with respect to the undisturbed gust at the midchord can be ascertained for various conditions. The complete data reduction, including integration to obtain the lift, is carried out by the PDR-12 computer using the experimental data stored in digital form on magnetic tape.
EXPERIMENTAL RESULTS

Pressure Traces
Typical time-varying pressure traces for a cascade and single airfoil are presented in Fig. 3 , at various chordwise locations. They are the digitized values from the computer, and, being photographed from a C.R.T. display, are not to scale. Flattening of the curves can be observed for the single airfoil on the instantaneous suction surface and is assumed to be due to separation over part of a cycle. While similar effects are not observed for cascade airfoils, there are marked differences between the suction and pressure portions of suction at the leading edge, for each of the four frequency parameters. The results for the isolated airfoil are presented in Fig. 4 for two of the frequency parameters. Similarly, the Cp distributions for the most closely spaced cascade configuration are presented in Fig. 5 . The C distribution is smooth in all the cases, and the contribution to unsteady lift comes mainly from the leading edge region. In the case of cascades, the latter half of the chord contributes a very small amount to the total lift. The separation and the nonuniformities which can be observed from the pressure traces are not evident in the chordwise C distributions.
Results were also obtained for the chordwise phase change of the pressures, and these were compared with the trends of the undisturbed gust. The trend is similar for both the upper and lower surfaces of the single airfoil, but completely different for the cascade models, particularly for the closely spaced cascades, where an abrupt change of phase on the upper surface was observed. The trend, even over the initial portion of the chord, is far different from the undisturbed gust. However, the phase distribution on the lower surface is not too different from the gust except in the trailing edge region. These results are still being investigated and verified for publication at a later date.
UNSTEADY LIFT DISTRIBUTION
The variations of unsteady lift coefficient over a gust cycle are presented in Figs. 6 and 7 for the various configurations tested. While only results for two of the frequency parameters investigated are plotted, the lift distributions are smooth and nearly sinusoidal in all cases. These distributions reveal a = L the cycle. The difference increases progressi\ely maximum amplitude for a cascade of airfoils from leading edge to trailing edge. It was ob-, which is lower than for an isolated airfoil, at served that the pressure traces varied for different configurations of the cascade. These C.R.T. displays are shown only to demonstrate the time-dependent behavior of the surface pressure on the airfoils. Multiplication of these signals by the appropriate transducer calibra-any frequency, with a rapid decrease for the lower space-chord ratios.
The amplitude of the unsteady lift coefficient are plotted as a function of frequency parameter and space-chord ratio in Fig. 8 .
Initial results indicated certain anomalies, pre-dominant among these being a tendency for the lift coefficient to increase with increasing frequency parameter which is contrary to the theoretical predictions. The discrepancy was conclusively identified as a Reynolds number effect on the unsteady boundary-layer behavior, an effect which is ignored in the inviscid theory. It has subsequently proved possible to repeat all tests at a constant airfoil Reynolds number of 0.83 x 105, and it is these results which are plotted.
The corresponding phase results are presented in Fig. 9 . These were derived directly from the fluctuating lift distributions including those of Figs. 6 and 7. Interpretations of experimental results for phase involve some ambiguities, and the results cannot be relied upon to better than +5 deg.
DISCUSSION
At any point on the surface of an isolated or cascade of airfoils which interact with a sinusoidally varying transverse velocity, the variation of unsteady pressure with time is sinusoidal in the leading edge region and, in all cases, departs completely from this as the trailing edge is approached. In these experiments, separation always occurred on the instantaneous suction surface. Nevertheless, the distributions of pressure along the chord appear to be smooth at any instant of time. The measured lift variation follows the gust velocity, but with a phase lag.
Inspection of the results obtained to date indicates that the instantaneous static pressure difference tends to zero at the trailing edge for all cases tested. Thus, at low frequency parameters, the condition of zero trailing edge loading is approximately satisfied at all times throughout the cycle. The actual level of trailing edge pressure, however, appears to fluctuate throughout the cycle.
Concern has been expressed that the tunnel configuration itself might impose pressure fluctuations on the blading which are not representative of any real situation. An analysis has been carried out which indicates that this is not the case and that the instrumented blade is not influenced by any such spurious fluctuations (15) .
The theoretical values of the magnitude and phase angle of the unsteady lift coefficient, CL, presented in Figs. 8 and 9 were predicted using equation (5) . These predictions assume the non-convected reduced frequency, td-, is equal to a constant value of 0.220 for all con-ditions considered. This includes the case at J= 0 for which the cascade Theodorsen function is real and nearly equal to the Weinig lattice coefficient which expresses the steady cascade interference effects (12) . Thus, equation (5) predicts the phase angle lag shown in Fig. 9 at m = O.
The trends of the experimental results for the amplitude of the lift coefficient compare reasonably well with the theoretical results, while the actual magnitude shows an encouraging measure of agreement as shown in Fig. 8 . Because of the Reynolds number dependent boundary layer and separation effects, the agreement may be considered fortuitous. Of significance is the fact that, while reduced frequencies investigated are low (m 0.1), there is a difference in both the magnitude and phase of the unsteady lift at these frequencies, and that at the quasi-steady condition (ce=0). For a compressor rotor where the intra-blade phase angle, r, is a direct function of 0) rather than ay, the magnitude of the unsteady lift predicted by reference (12) varies by a factor of two between w=0 andw=0.1 (13) . Thus, the use of a quasi-steady analysis at these low frequencies can lead to significant errors.
To obtain a qualitative understanding of the separation phenomena, flow visualization studies have been carried out using tufts and smoke. For certain flow conditions at a Reynolds number of 1.65 x 105, a severe leading edge separation was observed during a part of the gust cycle. Such behavior was not observed at the Reynolds number of 0.83 x 10 5 of the present tests. However, separations in the trailing edge region can be clearly observed during part of the gust cycle even on the isolated airfoil. It is evident that further studies of unsteady airfoil boundary layers are required.
The agreement between theoretical predictions and experimental results for phase is not as good as the agreement in magnitude. However, although discrepancies of up to 15 deg are present, certain tentative conclusions may be reached. Although the trend is not accurately predicted, the agreement of the mean phase angle is quite close. It should be noted that there is a phase lag between the undisturbed gust and the gust in the presence of the cascade. This lag tends to a definite value as the frequency parameter tends to zero. It was also observed that the phase of the pressure along the chord changed abruptly on the upper surface of the cascade, a phenomenon which is still under investigation. This behavior would seem to be associated with the separation phenomena previously noted.
It is clear that the contribution of the neighboring blades in the cascade, i.e., the effects of space/chord ratio on the unsteady response, is significant. This effect is demonstrated by both the predicted and experimental results. The representation of the unsteady response of a turbomachine blade row as an isolated airfoil is, therefore, not valid.
The observations and results obtained in this study suggest at least three areas of further research on the unsteady response of a turbomachine blade row.
Firstly, the effect of blade stagger angle and of steady loading on the unsteady response should be investigated.
Secondly, the theoretical analysis of the unsteady lift could be useful as a design aid if the function, G(w,s/c,O, could be computed over a large range of its variables.
Finally, the unsteady flow field is highly complicated, especially in the boundary-layer regions. Further detailed flow solutions and experimental studies are required before the complete flow mechanisms which generate an unsteady response are understood.
CONCLUSIONS
For the blading considered in this study, measurements at low frequency parameters indicate that the pressure difference across the trailing edge remains zero throughout the cycle, but that the pressure level itself may fluctuate.
For the Reynolds number considered, agreement between measured and predicted results for lift amplitude is good. Accurate phase measurement is difficult, and, possibly for this reason, the trend of phase as a function of frequency parameter is not well predicted, although the actual levels of lag are comparable.
As the frequency parameter tends to zero, the lift amplitude tends to a definite value, below unity for cascades, and the phase tends to a definite non-zero value.
It is clear that the contribution of neighboring cascade blades in an unsteady flow environment is significant. The representation of the unsteady response of a turbomachine by isolated airfoil unsteadiness is, therefore, not valid.
The effects of Reynolds number and boundarylayer behavior on unsteady response, particularly on phase, are both significant and complex. Further detailed investigation is needed before the flow mechanisms are understood.
